Potassium peroxymonosulfate (Oxone®) was investigated as an oxidizing agent in silica based slurries for chemical mechanical planarization of Ru. Upon addition of oxone, the Ru removal rate increases significantly in the pH range of 1-6. The slurry stability is poor at pH of 3 and higher. At pH 2, oxone enhances the Ru removal rate even in the absence of abrasive, indicating that a soft film is formed on the Ru surface. Ru dissolution experiments show that the static etch rate is low. The Ru removal rate variation with pressure and velocity does not follow the Preston equation.
Introduction:
Transistors within integrated circuits are connected by Cu interconnects formed by the dual damascene process. A thin barrier layer, typically Ta and TaN, prevents Cu diffusion into the dielectric layer 1, 2 , but also prevents direct electrodeposition of Cu. In the conventional dual damascene process a thin seed layer of Cu is grown atop the barrier metal layer by physical vapor deposition (PVD), followed by the electrodeposition of Cu. Chemical mechanical planarization (CMP) is used to remove the excess Cu, Ta and TaN materials deposited 1 .
However, as the feature dimensions shrink, PVD Cu is not scalable. Hence there is need for an alternate seed layer which allows direct electrodeposition of Cu [3] [4] [5] and Ru is proposed as a suitable candidate. Ru also has low resistivity and low solid solubility with Cu, but its introduction would necessitate the development of Ru CMP.
For Ru CMP, oxidizing agents such as periodate [6] [7] [8] [9] [10] [11] , hydrogen peroxide [12] [13] [14] , persulfates 12 , ceric ammonium nitrate 13, 15, 16 and bromate 17 has been investigated. The use of potassium peroxymonosulfate (Oxone®) along with potassium sulfate for Ru CMP has been suggested, but only a limited set of data is available 18 . In this study, the use of oxone as an oxidizer has been systematically studied. The Ru removal rate as a function of pH, oxidizer concentration, abrasive loading, polishing pressure and velocity was studied. Potentiodynamic polarization studies were also conducted to understand the role of chemical dissolution.
Experimental:
The 
The slurry stability at pH 2 was tested by monitoring the pH over a few days. The slurry pH decreased to 1.9 and remained stable for at least five more days, so further investigations were carried out in slurries at pH 2.
The Ru RR at various concentrations of oxone, with and without 2 wt% silica abrasive, is presented in Fig.2 
The static etch rate in 2 wt% oxone solution, measured by weight loss, is very low (< 3 nm/min).
In 5 wt% oxone solution, the weight loss is 43 nm/min. Hence, at low oxone concentrations, the high Ru RR in oxone CMP slurries is likely due to the formation of a soft film rather than Ru This suggests that the film is easily removed by the mechanical action. In slurries or solutions without oxone, there was no change in color suggesting that in the absence of oxone, RuO 2 .2H 2 O
and RuO 4 do not form.
The variation in Ru removal rate with abrasive concentration is shown in Fig. 3 for a CMP slurry with 2 wt% oxone at pH 2. The Ru RR was zero in slurries without oxone. For slurries with oxone, the Ru RR increased with abrasive loading up to 1 wt% silica, but saturated at higher abrasive loadings. This trend can be explained as follows: at low abrasive loading, the rate of film formation is high, and mechanical removal is the rate limiting step. In this regime, an increase in abrasive concentration causes an increase in the mechanical removal rate, and hence in the overall removal rate. At 2 wt% or more abrasive concentration, film formation is the rate limiting step and hence the overall removal rate remains constant.
In order to understand the mechanical component of Ru CMP, the pressure (P) and table speed (V) were varied, and the results compared to those predicted by the Preston equation:
where k is a constant. The effect of pressure on Ru RR is shown in Fig. 4 . The CMP slurry contains 2 wt% oxone and 2 wt% silica at pH 2, and the turntable rpm was 150. The Ru RR variation with pressure appears to follow a power law trend, with an exponent of 0.41, showing clear non-Prestonian behavior. When film formation is the rate limiting step, a non-Prestonian behavior is expected. Luo and Dornfeld 20 developed a solid-solid contact mode model accounting for plastic deformations over the wafer-particle and pad-particle interfaces, and estimated that the RR would vary as P . Guo and Subramanian 21 studied the mechanical removal of Cu with alumina abrasives using a SUBA 500 pad, and reported that the RR depended on P . However, no physical explanation was given for the observed trend. Thus, while the Preston equation is used to explain CMP removal rate trends, especially in the absence of dissolution, deviations from Prestonian behavior have been reported for both experimental and modeling studies. 5 shows the effect of table speed (rpm) on Ru RR in slurry with 2 wt% silica and 2 wt% oxone at pH 2. At a given pressure, the Ru RR was approximately constant for all turntable speeds employed. As noted above, the Ru removal rate increases with pressure. Since the minimum table speed was 50 rpm in our setup, we could not obtain results for lower speeds.
Considering that the dissolution rate is very low, RR vs turn table speed in the region between 0 and 50 rpm (Fig. 5) is likely to show a monotonically increasing trend. Guo and Subramanian 20 reported that the Cu RR on a hard pad (IC 1000) increases at low values of the velocity, and then levels off at velocities above 0.7 m/s. The same trend was observed at higher pressure also, except that the removal rate at the saturation regime was higher. They proposed that at higher velocities, the kinetics of film formation is the rate limiting step. They also proposed that at higher pressure, the temperature and hence the film formation rate would increase, leading to a higher removal rate. A similar hypothesis may be applicable to the results shown in Fig. 5 . Fig. 6 shows the Ru potentiodynamic polarization results in slurries with and without oxone, during abrasion. In the slurry without oxone, the corrosion current density is quite low. Upon addition of oxone, the corrosion potential shifts in the anodic direction by about 700 mV. The dominant cathodic and anodic reactions appear to have both changed upon addition of oxone.
The kink seen in the cathodic branch may be associated with redox reactions of oxone or its dissociation products.. The corrosion current densities are summarized in Table 1 . The Ru static etch rates in these solutions (calculated assuming that Ru is oxidized to RuO 4 ) are quite low, and the Ru electrodissolution rates during abrasion estimated from corrosion current densities are also in the same range. Thus the electrochemical results also confirm that chemical dissolution contributes less to the overall removal rate.
Since Cu surfaces are also exposed during Ru CMP, and Cu removal rates (RR) are typically much higher than Ru RR, addition of a Cu corrosion inhibitor is likely necessary for commercial applications. The Cu RR in 2 wt % silica and 2 wt% oxone at pH 2 was 1054 nm/min, but was suppressed to 150 nm/min by the addition of 1 wt% benzotriazole (BTA). However, the corresponding Ru RR was practically zero, indicating that BTA is not a suitable inhibitor for this slurry. Further optimization of the slurry, in terms of the abrasive concentration, oxone concentration and the choice of Cu corrosion inhibitor, as well as operating pressure and velocity, will eventually be necessary.
Conclusions
The use of oxone as an oxidizing agent for Ru chemical mechanical planarization (CMP) under various conditions was investigated. CMP experiments showed that oxone enhances the Ru removal rate (RR) in the pH range 1-6, although the slurry stability was poor at pH 3 and above.
The RR increases with increased concentrations of oxone and abrasive. The Ru static etch rate in oxone solutions is quite low, but the Ru RR in solutions containing only oxone and no abrasive is high, indicating that it is possible to develop abrasive-free Ru CMP slurries using oxone. The
RR is approximately proportional to the square root of pressure, but is independent of table speed in the range employed in this investigation. Potentiodynamic polarization studies also indicte that the chemical dissolution contributes less to the overall removal rate. These results indicate that a soft film is formed on the Ru surface in the presence of oxone, and that the film is removed by the pad and/or the abrasives during CMP. 
